Phylogenetic relationships among Tibetan populations of the
INTRODUCTION
Four species of the toad genus Bufo inhabit regions on the eastern escarpment of the Tibetan Plateau. These species, B. andrewsi, B. gargarizans, B. minshanicus, and B. tibetanus are referred to the B. bufo species group, whose monophyly is supported by the results of Inger (1972) and Nishioka et al. (1990) . B. gargarizans occurs in low-elevation regions from the Tibetan Plateau to the Pacific Ocean. Most of this distribution is divided by the Qin Ling (mountains) which extend from the Tibetan Plateau east across China. B. andrewsi occupies high elevations (1000-3000 m) on the eastern slopes of the Tibetan Plateau south of the Qin Ling (mountains), (Liu, 1950) . B. minshanicus occurs at higher elevations (3000-3500 m) in the region where the Tibetan Plateau connects with the Qin Ling (mountains), (Liu, 1950) . B. tibetanus occurs at even higher elevations (above 3500-4500 m) in the more mesic part of the southeastern Tibetan Plateau (Liu, 1950) and is very poorly known (Borkin and Matsui, 1986 ).
Under a model of vicariance caused by uplifting of the Tibetan Plateau, populations occurring at high elevations on the Tibetan Plateau should be monophyletic. If high-elevation populations are found to be closely related to adjacent low-elevation populations, dispersal after the uplift of the plateau is suggested. These hypotheses are testable contingent upon a reliable estimate of phylogeny.
To assess phylogenetic relationships of Bufo species found in and around the eastern portion of the Tibetan Plateau, 1063 bases of mitochondrial DNA were sequenced from nine populations belonging to three Asian species of the B. bufo species group ( Fig. 1) and three outgroups. The poorly known species, B. tibetanus, was not available. Bufo exsul (a member of the North American B. boreas species group), B. viridis (a European member of the B. viridis species group), and B. verrucosissimus (a European member of the B. bufo species group sometimes considered a subspecies of B. bufo) were used as outgroups. The results of Nishioka et al. (1990) suggest that members of the B. viridis species group are phylogenetically outside but relatively close to the B. bufo species group. Graybeal's (1997) com-bined analysis of molecular and morphological data suggests that members of the B. boreas species group form a monophyletic unit potentially close phylogenetically to the B. bufo species group.
Three populations of B. andrewsi were sampled from the eastern edge of the Tibetan Plateau in the Yangtze River drainage, including one population north and two populations south of the arid Dadu River Valley. One population of B. minshanicus was sampled from 3500 m on the Tibetan Plateau in the Yellow River drainage. Five populations of B. gargarizans also were compared. Two populations of B. gargarizans originated from the more northern Yellow River drainage, one at an upstream locality on the north side of the Qin Ling (mountains) at Baoji in Shaanxi Province, and the other one from near the Pacific Ocean at Beijing (immediately north of the river drainage). Three populations of B. gargarizans were sampled from the more southern Yangtze River drainage. Two of these populations were from upstream localities on the south side of the Qin Ling (mountains) in the Sichuan Basin, and the other one from near the Pacific Ocean 300 km southwest of Shanghai in Anhui Province (immediately south of the river drainage).
Under a vicariance model, the high-elevation populations of B. andrewsi and B. minshanicus are predicted to form a monophyletic group. Under a model of dispersal, the populations in each major river drainage (Yangtze and Yellow rivers) are expected to form monophyletic groups; hence, B. andrewsi and B. minshanicus should each be nested within or form a sister lineage to B. gargarizans populations and should not form a monophyletic group.
MATERIALS AND METHODS

Specimen Information
Museum numbers and localities for voucher specimens from which DNA was extracted and GenBank accession numbers are presented below. Acronyms are CAS for California Academy of Sciences, San Francisco; and MVZ for Museum of Vertebrate Zoology, University of California at Berkeley. The acronym followed by a 
Laboratory Protocols
Genomic DNA was extracted from liver using the Qiagen QIAamp tissue kit. Amplification of genomic DNA was conducted using a denaturation at 94°C for 35 s, annealing at 50°C for 35 s, and extension at 70°C for 150 s with 4 s added to the extension per cycle, for 30 cycles. Negative controls were used to guard against contamination. Amplified products were purified on 2.5% Nusieve GTG agarose gels and reamplified under similar conditions. Reamplified double-stranded products were purified on 2.5% acrylamide gels (Maniatis et al., 1982) . Template DNA was eluted from acrylamide passively over 3 days with Maniatis elution buffer (Maniatis et al., 1982) . Cycle-sequencing reactions were run using the Promega fmol DNA sequencing system with a denaturation at 95°C for 35 s, annealing at 53-60°C for 35 s, and extension at 70°C for 1 min for 30 cycles. Sequencing reactions were run on Long Ranger sequencing gels for 5-12 h at 38-40°C.
Amplifications from genomic DNA were done using primers L3878 and H4980 (Table 1) . Sequences were acquired using L3878, L4221, H4419, and L4437 (Table  1) . Primer numbers refer to the 3Ј end on the human mitochondrial genome (Anderson et al., 1981) , where L and H correspond to light and heavy strands, respectively.
Positions of Sequences and Alignment
Reported sequences are homologous to positions 3879 to 4879 on the human mitochondrial genome (Anderson et al., 1981) . These 1063 bases of mitochondrial DNA sequence extend from the ND1 (subunit one of NADH dehydrogenase) gene through the tRNA Ile , tRNA Gln , and tRNA Met genes to the ND2 gene. No length variation was found, making alignment straightforward. Protein-coding sequences were translated to amino acids using MacClade (Maddison and Maddison, 1992) for confirmation of alignment. Transfer-RNA secondary structure was determined manually using the criterion of Kumazawa and Nishida (1993) to confirm proper alignment in tRNA gene regions (Macey and Verma, 1997) .
Phylogenetic Analysis
Phylogenetic trees were estimated using PAUP (Swofford, 1993) with branch-and-bound searches. Bootstrap resampling was applied to assess support for individual nodes with 1000 bootstrap replicates using branch-andbound searches. Decay indices (''branch support'' of Bremer, 1994) were calculated for all internal branches of the tree using branch-and-bound searches that retained suboptimal trees. Templeton's (1983) test, conducted as a two-tailed Wilcoxon signed ranks test (Felsenstein, 1985) , was applied to examine statistical significance of the shortest trees relative to alternative hypotheses. This test asks whether the most parsimonious tree is significantly shorter than an alternative or whether their differences in length can be attributed to chance alone (Larson, 1994) . The test statistic T s was compared with critical values for the Wilcoxon rank sum in Table 30 of Rohlf and Sokal (1981) .
Alternative phylogenetic hypotheses were generated using constraints on phylogenetic topologies. Phylogenetic topologies were constrained using MacClade (Maddison and Maddison, 1992) and analyzed using PAUP (Swofford, 1993) with a branch-and-bound search. Statistical tests were conducted using the ''compare trees'' option of MacClade (Maddison and Maddison, 1992) . Note. Primers are designated by their 3Ј ends which correspond to the position in the human mitochondrial genome (Anderson et al., 1981) by convention. H and L designate heavy-strand and lightstrand primers, respectively. The position with mixed bases is labeled with the standard one-letter code: R ϭ G or A. Primers L4437 and H4980 are from Macey et al. (1997a) .
RESULTS
Authentic Mitochondrial DNA
Several observations suggest that the DNA sequences analyzed here are from the mitochondrial genome and do not represent nuclear-integrated copies of mitochondrial genes (see Zhang and Hewitt, 1996) . Protein-coding genes do not have premature stop codons, suggesting that these sequences represent functional copies that encode a protein. Transfer-RNA genes appear to code for tRNAs with stable secondary structures, indicating functional genes. The presence of strand bias further supports our conclusion that the 12 DNA sequences reported here are from the mitochondrial genome. The sequences reported here show strong strand bias against guanine on the light strand (G ϭ 13.2-15.5%, A ϭ 25.8-28.7%, T ϭ 28.5-31.8%, and C ϭ 26.3-29.7%), which is characteristic of the mitochondrial genome but not the nuclear genome. Therefore, we interpret these sequences as authentic mitochondrial DNA.
Genic Variation
Variation in amount of base substitution is profoundly different among genes and codon positions ( Table 2 ). The two protein-coding genes, ND1 and ND2, show similar patterns of base substitution, with most variable sites in the third codon position, some variation at the first codon position, and very little variation at the second codon position. Amino acid substitutions are uncommon as observed for the mitochondrial cytochrome b gene in bufonid frogs (Graybeal, 1993) .
Transfer-RNA genes are surprisingly conserved. No length variation is observed among bufonids and comparison to a pipid (Xenopus laevis, Roe et al., 1985) and a ranid (Rana catesbeiana, Nagae, 1988) shows only one length-variable position where tRNA genes encoded on opposite strands overlap. This result suggests extreme conservation of tRNA genes among anurans (Fig. 2) . These same three tRNA genes show length variation among lizards (Kumazwa and Nishida, 1995; Macey et al., 1997a,b) and the tRNA Gln and tRNA Met genes show length variation among mammals (Kumazawa and Nishida, 1993) . Although the tRNA Met gene shows no variation in base substitution among these species of Bufo, the tRNA Ile and tRNA Gln genes show variation at 18 sites, 5 of which are phylogenetically informative (Table 2 ). Sequences of these tRNA genes appear to be highly conserved in frogs relative to their homologues in reptilian (Kumazwa and Nishida, 1995; Kumazawa et al., 1996; Macey et al., 1997a,b) and mammalian (Kumazawa and Nishida, 1993) mitochondrial genomes.
The informative characters used in the phylogenetic analysis are almost entirely from protein-coding genes the majority of which are third codon positions. This observation suggests that compensatory changes in tRNA genes do not affect the phylogenetic analysis.
Phylogenetic Relationships
A single tree was produced from the parsimony analysis of the 1063 aligned DNA sequences containing 181 phylogenetically informative base positions (Fig. 3 , Table 2 ). The species of the B. bufo species group included in this study clearly form a monophyletic group relative to the other species sampled (98% bootstrap, decay index of 16). Within the B. bufo species group, the Asian species clearly form a monophyletic group with respect to the other species sampled, supported by a 100% bootstrap value and a decay index of 30, with the European B. verrucosissimus being their sister taxon in our sampling. The Asian populations form two major clades, each one receiving considerable support. A clade grouping the three B. andrewsi populations is supported by a bootstrap value of 100% and a decay index of 11. The other major clade, grouping the five populations of B. gargarizans with B. minshanicus, is supported by a bootstrap value of 100% and a decay index of 18.
Considerable resolution is observed also within each of the two Asian clades. The two populations of B. andrewsi that occur south of the arid Dadu River Valley differ by only a single base substitution and are sister taxa (99% bootstrap, decay index of 4). Within the B. Note. Note that the tRNA Met gene shows no substitutional variation among taxa examined and is not presented in the table. The 344 bases of ND1 sequence consist of a third codon position, the last 114 codons, and a T, which is polyadenalated during processing of the mRNA to form the stop codon TAA (Anderson et al., 1981) gargarizans and B. minshanicus clade, the populations found on the coast of China are in the more basal positions. The population southeast of Shanghai in Anhui Province is the sister taxon to the other populations, which form a monophyletic group (95% bootstrap, decay index of 5). The population from Beijing is the sister taxon to all remaining populations. Hence, the three inland populations of B. gargarizans and B. minshanicus together form a monophyletic group (93% bootstrap, decay index of 4). The relationships among these four populations are not well resolved, but it is interesting to note that the two populations of B. gargarizans from the Sichuan Basin (populations 2 and 3) appear to form a monophyletic group (84% bootstrap, decay index 2).
To test hypotheses of vicariance caused by uplifting of the Tibetan Plateau versus dispersal along river drainages, Templeton's (1983) test was applied. When the shortest tree overall was compared to the shortest tree constrained to show monophyly of high-elevation populations, this alternative was rejected in favor of the overall shortest tree (n ϭ 35, T s ϭ 54, P Ͻ 0.005). When the shortest alternative hypothesis showing monophyly of populations in each river drainage was compared to the overall shortest tree, this alternative also was rejected in favor of the overall shortest tree (n ϭ 33, T s ϭ 34, P Ͻ 0.005). Hence, our data can reject both the strictly vicariant and the strictly dispersal-based hypotheses.
DISCUSSION
The two hypotheses for colonization of the Tibetan Plateau, a vicariant hypothesis suggesting monophyly of high-elevation populations and a dispersalist hypothesis suggesting monophyly of populations in river drainages, were rejected in favor of a third hypothesis that combines elements of vicariance and dispersal. Highelevation populations recognized as B. andrewsi form a monophyletic sister taxon to all other Asian populations examined. A vicariant separation from lowelevation populations recognized as B. gargarizans is suggested for B. andrewsi. The B. minshanicus sample was found to be nested within B. gargarizans populations from low elevations in both the Yangtze and Yellow river systems. This result suggests a recent dispersal of the B. minshanicus lineage from low to high elevation.
Further evidence of a recent dispersal event for B. minshanicus and an older vicariant event for B. andrewsi comes from pairwise comparisons of divergence among their mitochondrial DNA sequences. Pairwise comparisons of DNA sequences among all inland B. gargarizans populations and B. minshanicus (Table 3) FIG. 2. Variation in three tRNA genes among three families of frogs. This sequence represents positions 345-553 of the Bufo sequences reported in this study. The sequence from Xenopus laevis is from Roe et al. (1985) and the sequence from Rana catesbeiana is from Nagae (1988) show differences of eight to nine bases. Pairwise comparisons of DNA sequences among B. andrewsi populations show differences of up to 22 base substitutions. Base substitutions between DNA sequences of B. andrewsi and all other Asian populations examined show a minimum of 64 substitutions.
Ages of Divergences
The Tibetan Plateau had three phases of uplifting after the India-Eurasian continental collision in the middle Eocene [Dewey et al., 1989 (45 million years before present, MYBP); Windley, 1988 (50 MYBP) ]. The first phase of uplifting of the Tibetan Plateau occurred as India began to wedge into Eurasia and the Tibetan Plateau achieved 3000 m in elevation between collision (50-45 MYBP) and 30 MYBP (Dewey et al., 1989) . The Tibetan Plateau entered a second phase, from 30 to 10 MYBP, in which it was maintained as a plain (pediplanation cycle) of 3000 m elevation by an equilibrium of gradual uplifting, faulting, and erosion (Dewey et al., 1989; Shackleton and Chang, 1988) . In the late Miocene (10 MYBP), faulting and uplifting of the Tibetan Plateau exceeded erosion (Shackleton and Chang, 1988) , ending the continuous plain topography. This change occurred in response to gradual aridization of the Tibetan Plateau, which may have resulted from rain shadowing caused by the Himalayan uplift. Beginning 5 MYBP, the Tibetan Plateau underwent 2000 m of additional uplifting to reach an average elevation of 5000 m.
Within Tibet, the B. bufo species group is present only on the eastern escarpment of the Tibetan Plateau. The absence of the B. bufo species group in central Tibet where other frogs (Altirana and Scutiger) are found may indicate that this group was not on the plateau when it was maintained as a 3000-m plain . If this scenario is true, B. andrewsi separated from low-elevation populations following the end of the continuous plain topography in the late Miocene, between 10 and 5 MYBP.
Asian and European taxa represent a basal split in the B. bufo species group, indicating that the divergence between Asian and European taxa predates the diversification of the Asian species. The date of 10 MYBP corresponds to increased aridization of Central Asia by uplifting of the Transhimalaya and Tibetan Plateau, which blocked Indian monsoons (Harrison et al., 1992) and could have caused the separation of populations in Europe and Asia. Using this date as an estimate of the divergence time between Asian and European species of the B. bufo species group sampled here, we estimate a molecular evolutionary rate of 0.69% change per lineage per million years. This value is within the range of rates (0.5-1.0% change per lineage per million years) tentatively accepted by Moritz et al. (1987) for the mitochondrial genome in primates. It is also very close to the rate we calculated for an overlapping segment of the mitochondrial genome that we studied in the agamid lizard genus Laudakia (0.65% change per lineage per million years; (Macey et al., 1998) . Using this rate, separation of B. andrewsi from other Asian members of the B. bufo species group sampled here is estimated to be approximately 5 MYBP, coincident with the third phase of uplift of the Tibetan Plateau.
Life History and Phylogenetics
Among the Asian Bufo examined, differences in breeding sites and tadpole morphology have been reported (Liu, 1950) . Bufo gargarizans and B. minshanicus both breed in ponds or slow-moving water. The similar life histories of B. gargarizans and B. minshanicus are consistent with our phylogenetic results, suggesting that these species are closely related. B. andrewsi often will breed in fast-moving water. The tadpoles of B. andrewsi have large mouths relative to B. gargarizans and these tadpoles often are found in streams, attached to stones by their large mouths. These differences in morphology and life history are consistent with the idea of an older vicariant origin for B. andrewsi.
Suggested Taxonomy
Bufo andrewsi was found to be a monophyletic sister taxon to all other Asian Bufo populations examined. The characteristics of the tadpoles described by Liu (1950) make B. andrewsi populations easily diagnosable. Monophyly and diagnosability are important criteria for recognition of species under the phylogenetic species concept (Cracraft, 1989) . B. minshanicus may be monophyletic but it is not fully diagnosable [Liu (1950) describes characters overlapping with other Bufo species]. B. gargarizans is not monophyletic with respect to B. minshanicus and is not diagnosable from it (see Liu, 1950) . Recognition of B. minshanicus makes B. gargarizans a paraphyletic group and the two species are not diagnosably different. We therefore suggest that B. minshanicus be synonomized with B. gargarizans. The recognition of B. andrewsi seems warranted because it is both monophyletic and diagnosable.
Phylogenetic relationships are very well resolved among the populations of the B. bufo species group that we examined. The geologic history of Eurasia suggests that vicariant events, well spaced in time, caused many of the branching events recovered in the phylogenetic tree presented here. This wide temporal spacing of vicariant events provides an ideal situation for phylogenetic reconstruction. If speciation occurs too rapidly in temporal succession, relatively short branches will result and will be difficult to distinguish from a true radiation of species in which no hierarchy of branching events exists. Eurasia may be an ideal place for combining phylogenetic and biogeographic studies.
APPENDIX 1
Trees used as alternative hypotheses in Templeton (1983) tests are included. Taxon names appear as in Fig. 2 . Lengths of trees and consistency indices (CI) (Swofford, 1993) are given in parentheses.
The most parsimonious tree derived by constraining taxa to show monophyly of high-elevation populations on the Tibetan Plateau (495 steps, CI 0.741) is: (B. exsul, (B. viridis, (B. verrucosissimus, (((((((B. andrewsi Qiliba, B. andrewsi Liziping), B. andrewsi Wenchuan), B. minshanicus), (B. gargarizans Jianmenguan, B. gargarizans Mt. Emei)), B. gargarizans Baoji), B. gargarizans Beijing), B. gargarizans Anhui)))).
The most parsimonious tree derived by constraining taxa to show monophyly of populations in each river drainage (Yangtze and Yellow), (495 steps, CI 0.741) is: (B. exsul, (B. viridis, (B. verrucosissimus, (((((B. andrewsi Qiliba, B. andrewsi Liziping) , B. andrewsi Wenchuan), B. gargarizans Anhui), (B. gargarizans Jianmenguan, B. gargarizans Mt. Emei)), ((B. minshanicus, B. gargarizans Baoji), B. gargarizans Beijing))))).
